MTI images of thermal discharge from three power plants are analyzed in this paper with the aid of a 3-D hydrodynamic code. The power plants use different methods to dissipate waste heat in the environment: a cooling lake at Comanche Peak, ocean discharge at Pilgrim and cooling canals at Turkey Point. This paper shows that it is possible to reproduce the temperature distributions captured in MTI imagery with accurate code inputs, but the key parameters change from site to site. Wind direction and speed are the most important parameters at Pilgrim, whereas air temperatures and dewpoint temperatures are most important at Comanche Peak and Turkey Point. This paper also shows how the combination of high-resolution thermal imagery and hydrodynamic simulation lead to better understanding of the mechanisms by which waste heat is dissipated in the environment.
INTRODUCTION
The Multi-spectral Thermal Imager (MTI) satellite was designed and developed by the Department of Energy's (DOE) Sandia National Laboratories (SNL), Los Alamos National Laboratory (LANL) and the Savannah River Technology Center (SRTC) to make highly accurate radiometric measurements in each of its 15 wavebands, which cover the visible, near-infrared, mid-wave infrared and thermal infrared. SRTC's primary responsibility is collection of ground truth data. MTI has a resolution of approximately 5 m in the visible wavebands and 20 m in the infrared. MTI images are approximately 12 km on a side. Accurate surface temperature retrieval is a basic objective of the MTI project; so many imaging sites have been selected with this objective in mind. Among those sites are five power plants that use different methods to dissipate their waste heat in the environment. The five power plants and their methods of heat dissipation are listed below: Table 1 Site
Heat Dissipation Mechanism
Pilgrim power plant ocean Comanche Peak power plant cooling lake Turkey Point power plant cooling canals H. B. Robinson power plant cooling lake via cooling canal Vogtle power plant cooling towers
In addition to being water temperature retrieval sites, these power plants also provided the opportunity to explore how much can be learned about cooling system dynamics and thermodynamics using highresolution thermal imagery and a limited amount of ground truth data. Many researchers have combined remote sensing data, numerical modeling and in situ measurements to understand the processes that dominate transport of pollutants and natural constituents of different surface water systems. In this paper we use hydrodynamic simulations by a code described by Garrett and Hayes9 to aid in the interpretation and analysis of MTI images of thermal plumes from the Pilgrim power plant, the Comanche Peak cooling lakes and the Turkey Point cooling canals. This finite-difference code solves the time dependent, hydrostatic forms of the conservation equations for momentum, the incompressible version of the mass conservation equation, and the standard advection-diffusion form of the energy conservation equation for a turbulent fluid. It also solves a turbulent kinetic energy equation to compute vertical mixing rates. Heat losses to the atmosphere from the water are computed in modules that account for evaporation, sensible heat transfer, solar loading and net longwave radiation at the surface.
MTI CORE SITE IMAGES AND SIMULATIONS Pilgrim Power Plant
The Pilgrim nuclear power plant is located on the Atlantic Ocean about 20 km north of the neck of Cape Cod. This 660 MWe reactor discharges water containing waste heat to the ocean, where wind-driven currents, turbulence and heat losses to the atmosphere dissipate it. The locations of the temperature sensors used for MTI ground truth measurements at Pilgrim are shown in Figure 1 . The cooling water intake is near sensor A and the discharge canal contains sensors F and Fa. It can be seen from Figure 1 that there is potential for recirculation of the heated water back into the intake when the winds blow the discharge flow to the right (winds from the northwest).
Although the tidal amplitude at the Pilgrim plant is typically 2.5 m, tidally forced currents at Pilgrim are weak due to the shape of the coastline in that area. Wind speed and direction determine where the thermal effluent from Pilgrim goes after it leaves the cooling water discharge canal. MTI imaged Pilgrim power plant on June 3 and 4, 2000. Although the two thermal images were taken only 24 hours apart, the thermal effluent plumes were moving in opposite directions on those two days, illustrating the dominance of wind speed and direction at Pilgrim. Figure 2 shows hourly average wind speed and direction data taken at Pilgrim and at a nearby National Weather Service (NWS) station (Hyannisport). Although the wind direction was highly variable in time during the two-day period, the Pilgrim and NWS wind direction measurements are consistently close to each other. In contrast, the Pilgrim power plant wind speeds are often much lower than the NWS wind speeds. This is probably because NWS stations are selected to have good exposure to the wind, whereas the Pilgrim wind speeds are measured on site towers, which may be more affected by local topography. Figure 3 compares the MTI image taken about 1300 local time on 06/03/00to three simulations that used different wind input data. Those three inputs were: 1) Pilgrim power plant wind data, 2) National Weather Service (NWS) wind data, and 3) averages of the first two. It can be seen that the averaged data produces the simulated plume that is most similar to the MTI image. The plume created in the simulation that used averaged wind data is better in a key respect: there is significant recirculation of heated effluent back into the cooling water intake in that simulated image and in the MTI image. This is of economic interest to utilities, because higher cooling water intake temperatures can cause reductions in power generation. Furthermore, if numerical simulations driven by representative wind and other data can reliably reproduce thermal plumes, their movement can be tracked at all times, not just image times. The simulations can then be used to estimate how frequently unwanted conditions such as recirculation occur. (The colors in Figure 3 are all scaled to the same temperature range of about 15°C).
One day later, on 6/4/2000, the wind had shifted away from the west a couple of hours before image time and was blowing from the east (Figure 2 ). The plume was in the process of changing direction in response to the change in wind direction and speed. The different sources of wind data produced dramatically different plumes (Figure 4) , with the averaged and Pilgrim data producing simulated plumes that were closest in appearance to the MTI image.
It must also be noted that in most cases the wind data taken at Pilgrim power plant produced the best agreement between observed and simulated images. The June 3 case was the only one in which averaged winds were superior to Pilgrim and NWS winds. In all other cases, e.g., June 4, the Pilgrim power plant winds produced a simulated plume that was most like the MTI image and no averaging was needed.
Turkey Point
The Turkey Point power plant is adjacent to Biscayne Bay south of Miami. This plant consists of two 720 MWe nuclear units, and two 405 MWe fossil-fueled units. It uses a system of 3 1 parallel cooling canals, each of which is 60 m wide. Figure 5 is a photograph of the cooling canal system, which also shows where water temperatures are measured as a part of ground truth collections for MTI. The entire cooling canal system covers an area 8.4 by 3.6 km. The canal system is a closed system with no flow in from either the Everglades to the east or Biscayne Bay to the west. Rainfall and diffusion of ground water through the sides of the embankments that surround the cooling canal system balance evaporative energy losses to the atmosphere. Turkey Point personnel frequently check the flow distribution in the canals with temperature surveys. MTI thermal imagery is a useful supplement to FPL's monitoring program, because it provides temperature maps of the entire cooling canal system at the same time ( Figure 6 ). The MTI thermal image in Figure 6 was taken at 1220 local time on November 28, 2000 and shows the expected decrease in temperature in the cooling canals with distance from the cooling water discharge. Heated water from the plant is discharged into the north (top of Figure 6 ) end of the cooling canal system, where it spreads throughout the canals and cools as it flows to the south. At the south end, the cooling canals empty into an east-west oriented canal that flows into six canals that return the cooling water back to the power plant. FPL personnel reduce the width of the canal entrances closest to the cooling water discharge to force an even distribution of flow across all the canals. It can be seen in Figures 5 and 6 that the number of cooling canals increases with distance south from the cooling water discharge. This makes the forced diversion of some of the cooling water from the east to the west side of the system critical to achieve uniform flow distribution and optimum cooling. The MTI image in Figure 6 shows that this objective is largely met, although it appears that a little more flow could be diverted to the southwest corner of the system. Figure 7 shows computed temperatures for 1 1/28/00 generated by a 3-D numerical simulation of the cooling canal system. The simulation reproduces the observed temperature distribution, including the cooler area in the southwest part of the system and some of the shunting of the warm water to the west via the cross canals.
In Turkey Point's closed cooling canal system, all waste heat is lost to the atmosphere via evaporation, convection of sensible heat and thermal radiation. Correct prediction of temperatures in the cooling canals requires accurate meteorological data for calculation of energy losses to the atmosphere. Verification of the temperature predictions requires direct water temperature measurements, which are also used to verify MTI temperature retrievals. Figure 8 compares observed and simulated temperatures at stations A, B and C (see Figure 5 ) during a 24 hour period that encompasses the MTI image time (1220 local time on 11/28/00).
Agreement between observed and computed temperatures is generally good, although there are periods when the observed temperatures were higher. Over a period of a week, the observed temperatures at the three stations averaged about 1.5°C higher than the simulated temperatures. Since the discrepancies between observed and computed temperatures tended to occur during the day, vertical thermal stratification in the canals caused by solar heating may have caused the bias. The vertical resolution used in the simulation was one meter, which may not have been adequate to resolve stratification caused by insolation.
Comanche Peak
The Comanche Peak nuclear power plant southwest of Fort Worth, Texas has two 1 124 MWe generating units which discharge approximately 4500 MW of waste heat to the Squaw Creek reservoir, a 13 2 cooling lake. The Comanche Peak intake and discharge pipes are both about 10 m below the water surface. As a result, the thermocline in Squaw Creek reservoir starts at a depth of about 15 m, which is very deep. The deep thermocline combined with the size of the lake and the large amount of heat being dissipated combine to give this lake unusually large thermal inertia. Surface temperature distributions over Squaw Creek Reservoir change very little from day to day. The cooling water intake is located on the left side of the main body of the lake, almost directly above the hot water discharge. Given that both the cooling water discharge and intake are located in the lower half of the lake, there is some reason to be concerned that the thermal effluent bypasses much of the lake and is drawn back into the cooling water inlet before it has lost all of the heat it could to the atmosphere. Figure 10 shows simulated temperatures and current velocity vectors for the same time as the MTI image in Figure 9 . Surface temperatures and velocities are shown in Figure 10 , and the corresponding fields at a depth of 9 m are shown in Figure 1 1. The observed and simulated surface temperature distributions are generally in good agreement, which implies that the velocity distribution is reliable. The velocity vectors show that buoyancy forces cause the heated water to spread over the entire surface of the lake, ensuring near-optimum cooling. Figure 1 1 shows that the water that has cooled as it spread to the far ends of the lake sinks and returns to the cooling water intake and to the cooling water discharge, where it mixes with the heated water being injected into the lake. The magnitude of the mixing can be estimated by noting that the maximum temperature difference between the cooling water discharge and intake areas in Figure 10 is 5.7°C, whereas the actual temperature difference based on plant operating data was 8.7°C. The 3°C difference between observed and actual iT can be attributed to mixing of cooler subsurface water that flowed back toward the discharge area from other parts of the lake.
SUMMARY
The analyses of MTI images described in this paper illustrate how high-resolution thermal imagery of power plant cooling systems can lead to better understanding of the transport and dissipation of waste heat in the environment. Comparisons of observed and simulated MTI images of thermal plumes from the Pilgrim power plant showed that the plumes are very sensitive to local wind speed and direction. Specific features of practical interest such as recirculation of thermal effluent from the cooling water discharge back into the intake will be missed if the wind data is not correct. At Turkey Point we identified an anomalously cold canal and showed that it is probably being cooled by a spring. At Comanche Peak we used MTI imagery and simulations of the cooling lake to infer that the discharge area is cooler by about 3°C due to mixing with subsurface return flow.
ACKNOWLEDGMENTS
The US Department of Energy supports this work at Los Alamos National Laboratory, Sandia National Laboratory and the Savannah River Technology Center. We appreciate the support of our colleagues at these laboratories and the support of the different private and public organizations working with us on MTI ground truth collections and analyses. 
